Here we report multiple parameters used to describe the diagenetic state of sediments, including total hydrolysable amino acid (THAA), amino acid enantiomer, chlorin (CI) and amino acid degradation (DI, RI) indices, along a transect between the Upper St. Lawrence Estuary and the Gulf of St. Lawrence, Canada. The study area is characterized by gradients in water oxygen concentration, water depth, organic matter (OM) source, primary productivity, and sedimentation rate. Both CI and DI indicate a decline in OM reactivity with the transition from a more terrestrial to a more marinedominated sedimentation regime as one moves from the shallow Upper Estuary (23-95m) to the hypoxic, mid-depth Lower Estuary and to the deep (>400m), well-oxygenated Gulf. Whereas the CI more accurately reflected OM reactivity in surface sediments and sediments down to 5cm, the amino acid-based degradation indices (DI and RI) better described degradation in sediments down to 35 cm. 
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the St. Lawrence amounts to 6.5×10 6 t yr -1 (Rondeau et al., 2000) . The Lower Estuary is characterized by elevated sedimentation rates and a comparatively high primary productivity due to the upwelling of nutrient-rich deep water masses. Both surface water primary productivity and sedimentation rates decrease eastward along the Laurentian Channel (the latter from 0.45 g cm -2 yr -1
at the head of the Laurentian Channel to 0.04 g cm -2 yr -1 in the Gulf; Roy et al., 2008 ; see Table 1 ).
Recent studies of the Laurentian Channel revealed that approximately 1300 km 2 of the seafloor are perennially overlain by severely hypoxic waters (<20% saturation) since the mid-1980s, in part due to high OM input (Gilbert et al., 2005; Lehmann et al., 2009 ). The oxygen-deficient area is confined within the bottom waters of the Lower Estuary in the Laurentian Channel (Table 1) , and is isolated from the oxic upper layers by a steep density gradient that only allows weak diffusion of oxygen through its boundary (Gilbert et al., 2005) .
Surface sediments were collected with a Van Veen grab in the Upper Estuary (Sta. DE, G, and H), and a multicorer was used in the Lower Estuary and and Anticosti) during two summer 2006 cruises (June and August) aboard the R/V Coriolis II ( Fig. 1 ; Table 1 ).
Sediment cores were sub-sampled by slicing at 1-cm intervals within the upper 10 cm, 2-cm intervals between 10 and 20 cm, and 3-cm intervals below 20 cm. Sediment samples were kept frozen in sterilized plastic bags prior to lyophilisation, homogenization, and analysis in the laboratory. In the following sections we distinguish between down-core records from multicores, and surface sediments. For surface sediments in the Lower Estuary and the Gulf, measured parameters represent the average of the uppermost 4 cm of the sediment column.
Elemental and isotope analysis
C org and nitrogen (N) contents of sediments were determined using an elemental analyzer (NC Instruments). Prior to organic carbon analyses, inorganic carbon was removed by acidification of sediment sub-samples with concentrated HCl fumes overnight (Hedges and Stern, 1984) . The C/N ratio was calculated as the molar ratio of C org to N. Reproducibility based on standard deviation of replicate measurements was better than 0.01% for N and better than 0.04% for C org (n=10).
The C and N isotope composition was determined using a continuous flow isotope-ratio mass spectrometer (Micromass Isoprime) coupled to a Carlo-Erba elemental analyser. C and N isotope ratios are reported as δ 13 C org and δ 15 N, respectively, where δ-values are denoted as ‰-deviation from the carbon isotopic composition of the Pee Dee Belemnite (PDB) standard, and from the isotope composition of atmospheric nitrogen gas (AIR), respectively: δ 13 C org (or δ 15 N) = [(R sample /R standard )-1]
x 1000, where R is either the 13 C/ 12 C ratio or the 15 N/ 14 N ratio. Average standard deviations based on replicate measurements were better than 0.2‰ for both δ 15 N and δ 13 C org .
Chlorins and Chlorin Index (CI)
Chlorins were extracted by successive (3) sonication of freeze-dried ground sediments (10-20 mg) in acetone (HPLC grade) following the procedure described by Schubert et al. (2005) . Extracts were kept in dark and on ice to prevent any degradation prior to analysis, and were measured fluorometrically (Cary Eclipse 50 fluorescence spectrophotometer) at an excitation wave length of 407 nm and an emission wavelength of 662 nm (Schubert et al., 2005) . Pheophytin-a from the acidification (HCl 25%) of a Chlorophyll-a (Sigma) standard was used for calibration. Chlorin concentrations are reported as µg per gram dry weight sediment (µg gdws-1). The precision of the method was better than 7% (n=5). The chlorin index (CI) is the ratio of the fluorescence of the acidified to the original extract. The CI scale ranges from 0.2 for pure chlorophyll to almost 1 for highly degraded pigments (Schubert et al., 2005) .
Hydrolysable amino acid analysis
Total hydrolysable AA (THAA) were extracted by adding 5mL HCl (6M) to freeze dried homogenized sediment (~100mg) in pre-cleaned and muffled (450C° for 3h) glass vials, and purging the headspace with N 2 . The vials were kept in an oven at 110C° for 24 h. Acid hydrolysates were then centrifuged (5000 rpm; 10 min.) and neutralized with 6N KOH. Individual AAs glycine (Gly), aspartic acid (Asp), glutamic acid (Glu), serine (Ser), threonine (Thr), arginine (Arg), alanine (Ala),
phenylalanine (Phe), isoleucine (ILeu), and leucine (Leu) were quantified according to Lindroth and Mopper (1979) by high-performance liquid chromatography (HPLC, JASCO System) after precolumn derivatisation with OPA using a Nova-Pack C-18 column (at 25°C). Blanks showed negligible AA concentrations. THAA concentration was calculated as the sum of the individual amino acid concentrations. Concentrations of the stereoisomers D-and L-Ala were measured following the method of Mopper and Furton (1999) . Isobutyryl-L-cysteine was used as an additional chiral agent (Brückner et al., 1995) . D-and L-Ala concentrations were corrected for racemization during acid hydrolysis according to Kaiser and Benner (2005) . The percentage of racemization used for D-Ala was 1.2%.
Amino acid-based reactivity (Degradation Index)
The Degradation Index (DI) was calculated for whole depth profiles at Sta. 
Results

Elemental carbon and nitrogen concentrations and isotopic composition
In surface sediments, %C org and %N in the Upper Estuary ranged from 2.6 to 1.5% and from 0.21 to 0.14%, respectively (Fig. 2a) . In the Lower Estuary and the Gulf, %C org showed a decreasing trend, while nitrogen concentrations increased. C/N ratios declined from >18 in the Upper Estuary to <9 in the Gulf (Fig. 2b) . The δ 13 C org of sediments of the Upper Estuary displayed a narrow range between -25.8 and -25.2‰, while in the Laurentian Channel, δ 13 C org values increased from -24.2‰ at the head of the Channel to -22.5‰ at Anticosti and -22.0‰ at Sta. 16 (Fig. 2c) . The observed δ 13 C org and C/N ratios found in the surface and core sediments along the upper estuary and the Laurentian Channel indicate different OM sources (see Smith and Epstein, 1971; Fry and Sherr, 1984 at Sta. 16 (Fig. 2c ). This pattern is related to incomplete nutrient utilization as described by Thibodeau et al. (2010) .
Down-core, %C org and %N decrease at most sites (Fig. 3a,b) . C/N ratios in sediments increased with depth by 1-2 at Sta. 25 and 23 in the Lower Estuary and by 0.5-1.5 at the Anticosti station and Sta. 16 in the Gulf (Fig. 3c ). In contrast, the C/N ratios did not change significantly with depth in the sediments between Sta. 22 in the Lower Estuary and Sta. 19 in the Gulf (Fig. 3c ). Our data indicate down-core enrichment in the 13 C org in the upper 10 cm of the sediment cores at Sta. 25, 23, 22, 18, and 16 , while at the other stations the δ 13 C org did not show a clear down-core trend (Fig. 3d) .. We also observed a decrease in δ 15 N by ~0.5 to 1‰ down-core in the uppermost 6 cm at Sta. 25, 23, 16 and Anticosti, whereas at the other stations no clear trend could be discerned (Fig. 3e ).
Chlorin concentrations and index
Surface sediment chlorin concentrations decreased seaward along the investigated transect (Fig.   2b ). In the Upper Estuary at Sta. DE, chlorin concentrations were >15 µg g -1 (Fig. 2b) At most stations, the CI increased down-core in the upper sediment layer (~10 cm), whereas, no change in CI could be discerned deeper in the sediments (Fig. 3f ). Fig. 2b ). In the surface sediments, the percentage of C org found in amino acids (%THAA-C org ) varied between 11 and 20% in the Upper Estuary, between 12 and 19% in the Lower Estuary, and ranged from 10 to 16% in the Gulf (Fig. 2d ). Percent amino acid N (%THAA-N) varied between 42 and 69% in the Upper Estuary, between 42 and 60% in the Lower Estuary, and between 23 and 42% in the Gulf (Fig. 2d) . Sediment profiles at Sta. 23 and 18 showed a decrease in the THAA concentration with depth, from 41 to 23 mg g -1 and 37 to 23 µmol g -1 , respectively ( Fig. 5a ).
At Sta. 23 in the Lower Estuary, %THAA-N and %THAA-C org decreased from 0 to 35 cm by 17% and 26%, respectively, whereas at Sta. 18 in the Gulf the %THAA-N and %THAA-C org decrease was significantly more pronounced (31% and 29%, respectively) ( 
Discussion
Relative loss of chlorins and THAA
Our THAA concentrations in surface sediments along the estuary (upper and lower) and the Gulf (Fig. 2b) are typical for natural estuarine and coastal marine environments (Cowie and Hedges, 1992; Lomstein et al., 2006; Arnarson and Keil, 2007) . Chlorin concentrations were one order of magnitude higher than those found in the Arabian Sea sediments (Schubert et al., 1998; Shankle et al., 2002) , but one order of magnitude lower than values reported from Lake Zug sediments (Meckler et al., 2004) . The absolute percentage of THAA and chlorins is influenced by the overall OM fluxes and, hence, is a function of primary productivity (which varies along the estuary and between the estuary and the Gulf). Chlorin and THAA concentrations normalized to N and C org concentrations, on the other hand, reflect changes in degradation state (Lee et al., 2000; Lomstein et al., 2006; Schubert et al., 2005) or changes in the terrestrial-to-marine OM ratio. Normalized THAA concentrations decrease downstream (Fig. 2d ) and down-core (Fig. 5b,c) , consistent with the preferential degradation of AAs relative to bulk N and C org with ongoing OM degradation (Burdige and Martens, 1988; Cowie and Hedges, 1992) . The degree of chlorin and THAA degradation most likely reflects the intensity of early diagenesis (either in the water column or within the sediments), and the lower chlorin concentrations in the Gulf hints to a more advanced degradation. Along the same line, the comparatively high chlorin and THAA concentrations in the Upper Estuary can be explained by a better OM preservation in shallower waters. Indeed, a significant exponential relationship exists between vertical OM flux in the water column (obtained from previously published studies in the same area, see Table 1 ) with surface sediment chlorin concentration per 100 mg C org (Table 1 ; r 2 =0.41, n=6), as well as with surface sediment %THAA-N (r 2 =0.68, n=6). The more seaward stations in the eastern Lower Estuary and the Gulf are typically nutrient-depleted leading to low productivity (Roy et al., 2008; Thibodeau et al., 2010) , whereas the western landward Lower Estuary is generally more productive (Gilbert et al., 2005) , and therefore sustains higher OM fluxes.
Pelagic processes (e.g., OM flux, OM decomposition and transformation) affect the biogeochemical composition and reactivity of the sinking OM that reaches the sediments; it is thus a priori difficult to determine whether the observed along-channel changes in the composition of the surface sediments are due to reworking in the water column or the result of post-depositional processing. In this regard, the patterns of chlorin and total OM loss down-core in the sediments can be used as an index of the intensity of post-burial diagenesis. Along the Laurentian Channel, between 16% and 50% of the surface sediment chlorin was lost in the upper 5 cm of the sediment column (Fig. 3g , Table 1 ). The highest chlorin loss (see Table 1 for definition) was observed at the head of the Laurentian Channel, in the hypoxic portion of the Lower Estuary, while minimal loss was observed at Sta. 16 in the Gulf (Table 1) . Enhanced down-core chlorin loss at the shallower, low-DO stations (Sta. 25 to 21) suggests that, here, chlorins are less effectively degraded in the water column and quantitative degradation sets in upon deposition at the sediment surface. At the deeper stations in (e.g., Sta. 16) particle oxygen exposure time is increased and chlorins are significantly degraded already during settling through the water column, leaving less chlorin "substrate" for degradation in the sediments.
Sedimentation rates at the Lower-Estuary stations are higher than at the Gulf sites ( Table 1) . As a consequence, the integrative (4 cm) surface sediment samples have a different ages and some of the along-channel biogeochemical variations are likely attributable to those differences. However, the variability of chlorin and THAA loss in down-core sequences (representing longer timescales compared to the surface-sediment age difference between stations) is much less than in surface sediments along the Upper Estuary to Gulf transition; these age differences alone thus cannot explain the observed along-channel trends.
Amino acid composition changes and reactivity indices
AAs display variable susceptibility towards bacterial decomposition and reworking. Due to their comparatively labile nature and high nutritional value for bacteria, Glu, ILeu, Leu, Tyr, and Phe are preferentially degraded in sediments during early diagenesis (Burdige and Martens, 1988; Dauwe et al., 1999; Lee et al., 2000) . Lee et al. (2000) observed that Glu, Phe, and Tyr decrease as particles sink in the water column at various locations in the Central Equatorial Pacific Ocean. In surface sediments along the Laurentian Channel, a general trend of higher concentrations of these AAs upstream and lower concentrations downstream (Table 2) can, therefore, be interpreted as an increase in OM degradation state towards the open waters.
In surface sediments along the terrestrial-marine gradient, Lys decreased while Asp increased ( et al. (2000) suggested enrichment in Gly due to selective diatom cell wall preservation. Gly is also an important component found in bacterial cell walls (Lee et al., 2000; Ingalls et al., 2003) . In contrast to bacterial cell walls, diatom cell walls and frustules are also enriched in Ser and Thr, in addition to Gly (Ingalls et al., 2003) . Ser decreased both downstream in surface sediments and downcore at both investigated stations. Thr on the other hand decreased down-core at Sta. 18 and did neither change down-core at Sta. 23 nor downstream in surface sediments. Hence, the most plausible assumption is that it is indeed the increasing contribution of bacterial necromass to the bulk sediment OM pool with ongoing degradation (Keil et al., 2000) , in addition to diagenetic alteration of other AAs that leads to the relative enrichment of Gly within the St. Lawrence Estuary and Gulf sediments.
Progressive diagenesis in sediments is also indicated by the increased abundance of non-protein
AAs (Cowie and Hedges, 1994; Hedges et al., 1999; Lee et al., 2000) . We found a pronounced increase in the relative abundance of BALA and GABA, both in surface sediments along the studied transect towards the Gulf (Table 2) , and down-core (Fig. 6p,q) , which can be interpreted as an additional indicator of compositional changes of the sedimentary OM due to the more advanced state of degradation, respectively. The patterns of individual AAs are coherent with the values determined for the DI, both converging to suggest declining reactivity (i.e., more advanced degradation) in surface sediments along the Upper Estuary and the Laurentian Channel (Fig. 4b) , and with depth in sediments at Sta. 18 and 23 (Fig. 5e) .
Consistent with the DI scores, surface sediment CI values in the Upper Estuary were lower compared to those in the Lower Estuary and the Gulf, also indicating a lower degree of alteration (Fig. 4a) . Overall, the DI and CI suggest that the most degraded and least reactive sediments occur in the Gulf. The agreement between DI and CI in surface sediments along the Laurentian Channel is better (r 2 =0.89, n=12; Fig. 7a ) than for the down-core records (r 2 =0.43, n=39). Because chlorins and amino acids are molecularly different compounds, they are likely to be degraded at different rates (Meckler et al., 2004) . As becomes evident from our data set, the CI is only very sensitive in surface sediments and down to the first five centimeters in the two investigated cores. Below 5 cm sediment depth, hardly any change in the CI can be discerned. This is in agreement with a previous study by Meckler et al. (2004) , showing that the CI is more sensitive at early stages (i.e., years) of OM degradation.
Our interpretation of the trends in the DI and CI is further supported by a third reactivity indicator (Reactivity Index, or RI), which is based on the ratio of aromatic AA (Phe+Tyr) to non-protein AA (GABA+BALA), and which varies from 0.1 for heavily degraded OM to 3.6 for freshly deposited reactive OM (Jennerjahn and Ittekkot, 1997). As with the other indices, the RI suggests that surface sediments in the more seaward parts of the St. Lawrence Estuary and the Gulf are more degraded than in the Upper Estuary and the estuarine channel mouth (Fig. 4c) . The good agreement between CI and the other AA-based reactivity indices (Fig. 7) 
Dissolved oxygen and vertical OM flux
In the Lower Estuary and the Gulf, water depth variations are less pronounced than between the Upper Estuary and Lower Estuary. Nevertheless, surface sediment reactivity appears to decrease eastward (Fig. 4) . We found a significant negative relationship between CI in surface sediments and 20 the C org flux to the sediments (see Table 1 with references therein; r 2 = 0.87, n=5; Fig. 8b) , and a positive relationship with the bottom water DO content (r 2 =0.86, n=9; Fig. 8c ). This suggests that low DO conditions and enhanced fluxes of OM to the sediments combine to enhance OM preservation in the Lower Estuary sediments. Increased sedimentation rates have been hypothesized to be responsible for increased OM preservation through rapid burial (Henrichs and Reeburgh, 1987; Bertrand and Lallier-Verges, 1993) . Ambient oxygen concentration also partly control the extent of OM degradation in the water column and in sediments, both on short and long time scales (Bianchi et al., 2000; Kristensen and Holmer, 2001; Bechtel and Schubert, 2009) . It is important to note, however, that the initial rate of fresh bulk OM remineralization occurs at similar rates under both oxic and hypoxic to anoxic conditions, while that of older and refractory OM seems to be slower under anaerobic compared to oxic conditions (Lehmann et al., 2002; Pantoja et al., 2009; Bechtel and Schubert, 2009) . Chlorins appear to be more susceptible to oxic degradation (Sun et al., 1993; Shankle et al., 2002) . The strong correlation between CI (and DI, r 2 =0.93, n=9) and bottom water oxygen concentration suggests that OM delivered to sediments in the Lower Estuary and Gulf may be partially degraded in the water column or in the bottom nepheloid layer, to a degree that allows the oxygen to play a role on preferential preservation of OM under low oxygen concentration condition, in agreement with the findings of Archer and Devol (1992) and Bourgoin and Tremblay (2010) . We also note that oxygen concentrations only correlate with specific components (here pigments and AA) and do not correlate significantly with total %C org in surface sediments (r 2 =0.19, n=9). Similar uncoupling between %C org and DO has been observed across the Indus margin of the Arabian Sea (Cowie et al., 2009 ) and across the Washington State continental shelf and slope (Archer and Devol, 1992) .
The effects of DO concentrations and OM sedimentation rates combine to determine yet another factor that is likely to have close links to the reactivity of sedimentary OM: The exposure time (OET) of organic particles to oxic conditions within the sediments. The OET depends on the burial rate and the oxygen penetration depth (OPD) in the sediments, which in turn is a direct function of the DO in the overlying water and the reactivity of sediments (Hartnett et al., 1998; Hedges et al., 1999; Lehmann et al., 2009 et al., 1999) , and have higher potential to be preserved under reducing conditions or shorter OET of years and decades (Arnarson and Keil, 2007) . Both high OM flux and low bottom-water DO (Table 1) at the head of the Laurentian Channel are conducive to shorter OET and shallower OPD. While our data indicate that oxygen exposure time of the sediments determines OM reactivity, the sediment oxygen regime may itself be related to the reactivity of the sedimenting OM. Direct (through core incubations) and indirect (porewater DO profiles) determinations of benthic O 2 fluxes carried out by Thibodeau et al. (2010) revealed that oxic bacterial respiration rates along the Laurentian Channel are a function of the sediment reactivity rather than OM content. Hence, we argue that feedback loops can be created wherein the reactivity of the OM may influence the establishment of hypoxic conditions, which in turn, may enhance the preservation of OM in the sediment.
Conclusions
In this paper we have explored the relative importance of OM sources versus processing in determining the sediment OM reactivity along estuarine gradients. Terrestrially-derived OM has traditionally been considered recalcitrant, and thus sediments dominated by terrestrial inputs would be expected to be less reactive than those dominated by algal materials. Our results do not support this assumption. The various compositional characteristics of the studied sediments suggest a trend towards less reactive material from the Upper Estuary towards the Gulf, while geochemical evidence highlights the transition from a more terrestrial to a more marine-dominated sedimentation regime along this transect. The agreement between chlorin-and amino acid-based reactivity indicators (CI, DI, RI) demonstrates the applicability of both types of indices to complex estuarine environments with terrestrial and marine organic matter sources. The CI better describes the initial degradation of OM (i.e. in the water column and the uppermost sediments), whereas the amino acid-based indicators also account for longer-term degradation processes in the deeper sediment. The spatial pattern in sediment reactivity along the Laurentian Channel seem to primarily result from increasing intensity of OM degradation in the water column and within the sediments. Hence, our data provide a good example where OM source seems to be secondary to early diagenetic processing in determining sediment reactivity. We provide putative evidence that water depth (which influences particle 
